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Introduction
Air plasma sprayed thermal barrier coatings (APS TBCs) are widely used in gas-turbine engines to protect the thermally loaded components against hot gases and increase engine efficiency [1] [2] [3] . A typical APS TBC system consists of a refractory-oxide ceramic topcoat (typically made of 7-8 wt.% yttria stabilised zirconia (YSZ)) and a MCrAlY (M=Ni,Co or Ni/Co) bond coat deposited on a superalloy substrate. APS TBCs undergo spallation failure of the ceramic topcoat after service at high temperature for a certain period of time. The failure of the TBCs is driven by the stress and associated strain energy stored in the ceramic layers induced by the thermal mismatch between the ceramic layers and substrate during cooling from the service temperature.
The architecture of a typical APS TBC is featured by a brick-wall structure with an assembly of horizontally-placed YSZ splats parallel to the coating surface and numerous inter/intrasplat cracks as well as scattered pores [4, 5] . Due to this sheer complexity in microstructure, one of the greatest challenges for the APS TBCs is to have a comprehensive description and understanding of the material properties [6, 7] , which are essential to understanding and predicting failure. It has been well established that failure of the APS TBCs mainly occurs at the base of the topcoat, through a sequence of crack nucleation, propagation and coalescence in planes parallel to the interface, driven by the local out-of-plane tensile stress and its associated strain energy around the undulated topcoat/bond coat interface [2, [8] [9] [10] . Prediction of crack growth in the vicinity of the undulations, therefore, requires detailed information of the elastic modulus and fracture toughness along the relevant direction over the characteristic length scale under the effect of the tensile stress. These arguments may be particularly important for the APS TBC showing anisotropic and size-dependent mechanical properties [2, 7, 11] .
The main objective of this study is to characterise and understand the mechanical properties of an APS TBC at microscale using the micro-cantilever bending technique. The properties of interest are in-plane and out-of-plane modulus and mode I fracture toughness along the plane parallel to the interface, as they are tightly related to degradation and failure of the APS TBCs but have not yet been sufficiently characterised. The micro-cantilever bending method has been shown to be particularly useful in measurements of material anisotropy and mechanical properties of both bulk materials and coatings [12] [13] [14] [15] . This technique creates simple and well-defined stress over the micro-cantilevers and, therefore, allowing the mechanical properties (e.g. elastic toughness and fracture toughness) along any direction to be readily measured. This work, for the first time, implements this technique to measure the mechanical properties of the APS TBC at microscale. Following these measurements, we show how the measurements in this work could be fitted into the current micromechanical life time prediction models.
Materials and Methods

Materials
The material used in this study consists of a Hastelloy® X superalloy substrate (55 × 30 × 5   mm 3 ), a NiCoCrAlY bond coat (~ 150 μm thick) and an 8 wt.% YSZ TBC (~ 250 μm thick).
Both the YSZ TBC and NiCoCrAlY bond coat were deposited by APS. Details of the microstructure of the TBC have been reported elsewhere [16] [17] [18] [19] .
Micro-cantilever preparation
Micro-cantilevers were machined on polished surface and cross-section of the TBC using a focused ion beam (FIB, Quanta 3D DualBeam, FEI) following similar procedures described in the literature [13, 14] . First, a large beam current of 7 nA was used to mill two symmetric trenches (5 μm apart) to create a rectangular central arm. The trenches were milled sufficiently large and deep to ensure that the free end of the final micro-cantilever being bended would not contact either the side or bottom during bending. Next, the sample was tilted by 45° around the long axis of the central arm and a beam current of 3 nA was used to milled away the base of the central arm. The same process was repeated on the other side of the central arm after rotating the sample 180° around its surface normal. The undercut removed the underlying material and produced a micro-cantilever with only one end attached to the surrounding material. Finally, both sides of the micro-cantilever were carefully polished with a current of 1 nA to make them vertical and symmetric with respect to the central vertical axis.
The orientations of the micro-cantilevers are schematically illustrated in As the degradation and failure of the APS TBCs is generally manifested by cracking and delamination in the TBC parallel to the interface, the fracture toughness along the lateral trajectory is of most importance. Therefore, the micro-cantilevers milled on the cross-section of the TBC were used for fracture toughness measurement as the fracture planes of these micro-cantilevers would have the same orientation as those in the APS TBC during service.
To measure fracture toughness using micro-cantilever bending, a sharp edge notch is generally introduced to simulate a real crack. However, as the horizontal inter-splat cracks almost spread all over the cross-section of the TBC, the micro-cantilever prepared on the cross-section most of the times ended up with an inter-splat crack near the fixed end. Under this circumstance, milling an edge notch would create extra stress concentration locations upon bending. This would introduce ambiguities in subsequent calculation. Therefore, to address this issue micro-cantilevers with well-delineated edge inter-splat cracks (e.g. Fig.2e and f where the edge crack is straight, reasonably deep and perpendicular to both top surface and sides of the micro-cantilever) near the fixed ends are used to determine the model I fracture toughness. Furthermore, the use of this real edge inter-splat crack also ensures that the crack tip is sharp enough, which is an important precondition to apply the solutions of linear fracture mechanics to calculate the fracture toughness.
Although the internal geometry of the edge inter-splat crack cannot be observed before bending, examination on the crack plane after rupture can easily reveal the original crack plane as it shows a completely different morphology with that generated during fracture.
Specifically, the fracture of the TBC at room temperature is generally intergranular and the fracture plane revealed by bending is characterised by a high roughness compared with the original pre-existing crack plane. The inset in Fig.5 gives an example illustrating this difference. It is also seen that the pre-crack is approximately rectangular and the crack geometry will be used in calculation of fracture toughness.
Micro-cantilever bending
Bending of the micro-cantilevers was conducted using a nanomechanical testing instrument (Hysitron PI SEM PicoIndenter) mounted inside the chamber of a scanning electron microscope (SEM, Zeiss Sigma). The SEM visualised the tests and provided live images to help pinpoint the indenter and contact point. A sapphire conical nanoindenter with a spherical tip of ~ 2 μm radius was used to apply the bending load. Unlike the indenters with sharp tips (e.g. Berkovich), the conical indenter with the spherical tip showed negligible impression into the micro-cantilever surface, which helped the load be fully transferred to bending force. The indenter tip was placed centrally across the width of the micro-cantilever, with the contact point approximately three quarters of the total length away from the fixed end. The bending was conducted with a rate of 2 nm/s until the micro-cantilever snapped. The testing configuration and a full geometry description of the micro-cantilever are given in Fig.3 .
Determination of elastic modulus and fracture toughness
The elastic modulus of the micro-cantilever, E m , is calculated by:
Where is the distance between the fixed end and the loading point. and is the load and the displacement at the loading point, respectively. is the gradient of the loaddisplacement curve and is obtained by fitting the curve with a linear function. For a pentagonal cross-section shown in Fig.3 , is given by (a detailed derivation of is given in Appendix A1):
Where is the vertical distance between the upper surface and the neutral plane, given by (a detailed derivation of y is given in Appendix A1):
The meanings of , , and are illustrated in Fig.3 .
The mode I fracture toughness is calculated via the following equation [14] : (4) where is the fracture stress; is the crack length and is a dimensionless shape factor dependent on the initial crack and beam geometry. is given by:
where is the load when the micro-cantilever fails and is the distance between the crack and the loading point.
The shape factor is determined by finite element analysis (FEA) using cohesive zone modelling in ABAQUS 6.14 (see Appendix A2 for details). The beam and the attached matrix were first discretised using 3D elements (C3D8R) according to the geometry measured by SEM. Notches of different lengths were simulated as stationery cracks. The stress intensity factor at the notch tip induced by a dummy load of 1N was evaluated using the contour integral method in ABAQUS. Three-dimensional elements were used to create the microcantilever beam and the attached matrix. The shape factors at different notch lengths were calculated by the model according to Eqs (4) and (5), and were then plotted against a series of the normalised crack lengths, , within the range of , and fitted using a 4 th order polynomial function, given by:
3. Results and discussion
Elastic modulus
Fig .4 shows the representative load-displacement curves obtained from bending of two microcantilevers. The micro-cantilevers were only used for elastic modulus measurements as they did not have well-delineated inter-splat cracks close to the support ends. It is seen that the micro-cantilevers show a linear load-displacement relationship before failure. Tables 1 and 2 give the geometry and calculated elastic moduli of the micro-cantilevers milled on the surface (5 in total) and cross-section (5 in total), respectively, based on linear fitting to the loaddisplacement curves ( >0.99). The elastic modulus along the in-plane and out-of-plane direction is 144± 12and 109± 7GPa, respectively. Both values are significantly higher than the global modulus (10-70 GPa) of the APS TBCs reported in the literature [11, [20] [21] [22] [23] [24] . The difference is expected as the characteristic volume of the material that undergoes deformation during micro-cantilever bending is only in the range of ~ 60 -110 μm 3 , which is expected to contain far less defects than the macroscale TBC samples used for determination of the global modulus. On the other hand, it is found that the elastic modulus is anisotropic, with the inplane modulus ~ 30% higher than the out-of-plane modulus, which is in agreement with the measurements by Wei. et al. [23] . The elastic anisotropy is believed to originate from the unique microstructure of the APS coating, which results in different types of characteristic microstructural defects and corresponding defect densities between the micro-cantilevers with different orientations. Specifically, the dominant microstructural defects in the micro-cantilevers on the TBC surface and cross-section are intra-splat and inter-splat cracks, respectively. As the lateral diameter of the splat is intrinsically much larger than the thickness, the number of the intra-splat cracks in the micro-cantilevers on the coating surface is smaller than the number of the inter-splat cracks in the micro-cantilevers on the coating cross-section, leading to a higher in-plane elastic modulus.
Fracture toughness
Fig .5 shows the load-displacement curve of a micro-cantilever with a well-delineated intersplat crack close to the support end. Micro-cantilevers with this feature were used for fracture toughness measurements. The curve is characterised by an initially linear portion, followed by a sequence of "pop-in" (the plateaus marked by the arrows in Fig.5 ) until failure. The "pop-in" is believed to result from crack propagation, which then leads to a sudden burst of the displacement. Table 3 lists the fracture toughness calculated based on 5 micro-cantilevers and the corresponding geometry of each micro-cantilever. The fracture toughness is between 0.2 and 0.5 , with an average value of 0.40 ± 0.12 . This value is significantly lower than the fracture toughness obtained from the same APS TBCs by Zhao et al using a modified four-point bending method (2 -4 [19] ). The discrepancy is worth further discussion as it not only reflects the weak fracture resistance of the highly-flawed APS TBC at microscale, but also the dependence of the toughness on crack lengths. For the microcantilever bending tests conducted in this study, as the inter-splat cracks are used as the preexisting edge cracks for toughness measurements, the low mode I fracture toughness could be associated with crack propagation along the relatively weak splat interface. This crack path, however, is believed to represent the fracture of APS TBCs during service as previous literature have suggested that cracks prefer to propagate between the weakly bonded splats [2, 10, 25] . On the other hand, the toughness given by the micro-cantilever bending is the toughness for short cracks in the APS TBCs, which could be intrinsically lower than the toughness for long cracks (e.g. the cracks generated by four-point bending) [2, 7, 26, 27] . The difference is believed to be associated with the size-dependent mechanical behaviour of the APS TBC. At microscale, the APS TBCs show linear behaviour, as indicated by the linear load-displacement curves of the micro-cantilevers. However, non-linear behaviour and associated energy dissipation, such as anelastic stress-strain behaviour and hysteresis loaddisplacement loops, has been widely reported on macroscale TBC samples during deformation [28] [29] [30] . This anelastic behaviour and corresponding energy dissipation are likely to be involved when large-scale deformation and delamination in the APS TBC is generated (e.g. the delamination created by four-point bending) and contribute to the rise of the crack resistance (rise of the R curve).
Correlation of measurements with micromechanical life time models of APS TBC
The measurements of mechanical properties of the APS TBCs at microscale in this work also provide an opportunity to evaluate how these properties can be fit into the micromechanical life time prediction models of APS TBCs. The fundamental idea in most of the existing lifetime prediction models is that degradation of the APS TBCs is multiscale and progressive, with short cracks initially growing at microscale and then merging into large macroscale cracks to trigger failure. The implication here is that if the materials (e.g. APS TBCs)
involved in the models have anisotropic and scale-dependent properties, this effect should be implemented to the models in order to have more accurate modelling and prediction.
To date, the micromechanical model proposed and developed by Vaßen et al is one of the most sophisticated attempts to mechanistically simulate failure of the APS TBCs during thermal cycling [25, [31] [32] [33] . The basic idea of the model is the growth of pre-existing micro-cracks in the APS TBCs close to the bond coat driven by the radial out-of-plane tensile stress in the vicinity of rough interface due to thermal mismatch stress between the TBC and the underlying metal upon cooling. The model involves simultaneous growth of numerous short cracks (with the crack length less than the wavelength of the interface profile) in the plane parallel to the interface and subsequent coalescence of the propagating cracks to reach sufficiently large cracks that finally trigger spallation of the TBC.
The governing equation describing the crack growth is given by [25] : (7) Where is crack length; is the number of thermal cycles; is the crack growth rate per cycle; and are constants; is the stress intensity factor and is the critical stress intensity factor (mode I toughness) of the APS TBC. can be approximated by [25] : (8) Where is the radial tensile stress given by [33] ： (9) Where is the perpendicular distance from the interface; is coefficient of thermal expansion; is elastic modulus; is the temperature drop during cooling; and are amplitude and wavelength of the TBC/bond coat interface profile; is the thickness of the TGO; is a function of and .
The factor in Eq (9) suggests that the radial tensile stress mainly concentrates in the TBC close to the interface and rapidly decreases with increasing distance away from the interface, which has also been confirmed by the finite element calculation [32] . For example, for a typical TBC/bond coat interface profile with an amplitude of 10 μm and a wavelength of 65 μm, virtually vanishes to 0 at a distance of 20 μm away from the interface. This distance range is close to the characteristic lengths of the micro-cantilevers prepared in this study and therefore the out-of-plane elastic modulus determined by the micro-cantilever bending technique in this study is representative of and can be incorporated in the Eq (9). On the other hand, as the growth of cracks in this stage is microscale, in Eq (7) in principle represents the critical stress intensity factor for short crack. As a result, the Mode I fracture toughness determined from the micro-cantilever bending technique is representative of and therefore can be incorporated into Eq (7).
Conclusions
Micro-cantilevers of an APS TBC were prepared by FIB and the mechanical properties (elastic modulus and fracture toughness) of the APS TBC were measured by the microcantilever bending method. Micro-cantilever bending shows that the APS TBC is elastically anisotropic at microscale, with an in-plane and out-of-plane elastic modulus of ~ 144 GPa and ~ 110 GPa, respectively. The elastic anisotropy is related to the different types of characteristic microstructural defects and corresponding defect densities between the microcantilevers with different orientations. The mode I fracture toughness along the lateral trajectory derived from micro-cantilever bending is ~ 0.40 . This low toughness reflects the weak intrinsic fracture resistance of the highly-lawed APS TBC at microscale.
The measurements of the mechanical properties in this study can be incorporated into micromechanical life time prediction models of the APS TBCs.
Appendix A1: Derivation of the moment of inertia and neutral plane of a pentagonal cross-section Fig. A1 shows the geometry description of the pentagonal cross-section of the microcantilever. The pentagon can be broken down into a rectangle and an isosceles triangle, and the moment of inertia of the both segments with respect to the neutral axis could be derived using the parallel axis theorem [34] .
The moment of inertia of the rectangle, , with respect to its centroid axis is given by:
As the distance from the centroid axis of the rectangle to the neutral axis is , according the parallel axis theorem the moment of inertia of the rectangle, , with respect to the neutral axis, is given by:
The moment of inertial of the isosceles triangle, , with respect to its centroid axis is given by:
As the distance from the centroid axis of the isosceles triangle to the neutral axis is , according the parallel axis theorem the moment of inertia of the isosceles triangle, , with respect to the neutral axis, is given by:
By summing up contributions from both the rectangle (Eq (A2)) and isosceles triangle (Eq (A4)), we have the inertia of the pentagonal cross-section with respect to its neutral axis, which is given by Eq (2).
The position of the neutral plane relative to the upper surface, , can be determined according to the force balance over the cross-section, expressed as:
Where is the bending moment and is the distance from the element to be integrated to the neutral plane. Eq (A5) can be readily solved to obtain , which is given by Eq (3).
Appendix A2: Calculation of shape factor by FEA
The shape factor, , was determined by FEA using ABAQUS 6.14. Threedimensional elements (C3D8R) were used to create discretise the cantilever beam and the matrix (Fig. A2a) . The material was set to be pure elastic and isotropic with an homogeneous elastic modulus of 120 GPa and a Poisson's ratio of 0.2. An encastre boundary condition was set for the bottom of the matrix (xz plane in Fig.A2a) . A point load of 1N was created at the loading position as shown in Fig.A2a , which ramped up in the step of analysis. Due to the geometrical symmetry, only half of the micro-cantilever was modelled and a z-symmetry boundary condition was created for the symmetry plane (plane z = 0 in Fig.A2a ). The notch is modelled as a stationery crack using the extended finite element method (XFEM). This avoids the need to conform the mesh to the crack geometry, making it easier for scripting. The stress intensity factor at the notch tip was evaluated using the contour integral method in ABAQUS.
A convergence study was performed and showed that 800000 elements were enough for the calculated contour integrals to converge. The geometry factor could be calculated using the dummy load (i.e. 1N) and the average stress intensity factor at the notch tip calculated by the contour integral.
A Python script was developed and implemented to calculate the shape factor as a function of the crack length. A model with an input crack notch length was created and submitted for analysis. Once the analysis is completed, the script extracted the calculation results average stress intensify factor at the notch tip from the output database. The geometry factor at this notch length was then calculated. The new crack length was then written into the result file and a This was followed by updating the model with the updated a new crack notch length was generated and the process repeated. Fig.A2b shows an example of the distribution of the stress in the beam axis direction. The beam is in tension in the top and compression at the bottom, with stress singularity is found at the crack tip. The dimensionless shape factor, , calculated from the FEA model is plotted against the normalised crack length,
, and fitted using a 4 th order polynomial function, as shown in Fig.A3 . 
